INTRODUCTION
The transcription of eukaryotic genes is highly regulated by interactions between a variety of trans-acting factors and their cognate cis-acting elements. The binding of the transcription factor (TF) IID complex to the TATA box is crucial for the initiation of transcription and for controlling gene expression (reviewed in [1, 2] ). Even in genes lacking a recognizable TATA box, binding of TFIID to a region approximately -30 bp upstream from the transcription start site is required to initiate transcription by RNA polymerase II ([3] and references therein, [4] ). Included in the TFIID complex is the universal transcription factor TATA-box-binding protein (TBP), which specifically recognizes the TATA box, and the TBP-associated factors (TAFs) [3, 5, 6] . Thus the TATA box provides a specific site that directs TFIID, RNA polymerase II and other auxiliary factors to assemble the pre-initiation complex (PIC) which promotes the synthesis of mRNA at the cap site, and mediates the activity of upstream activator elements [2, [7] [8] [9] [10] [11] [12] [13] .
Since most TATA sequences found so far are asymmetrical (5'-TATAAA-3' as a canonical form) [7, 14, 15] , the TATA box is thought to be capable of orienting TBP and other PIC factors thereby defining the direction of transcription [1, [15] [16] [17] . In support of this contention, it has been shown that conversion of a consensus TATA box into an inverted sequence (5'-TTTATA-3') is associated with a loss of downstream gene transcription activity [18, 19] . However, some experiments in which the TATA sequence was inverted artificially indicated that the orientation of the TATA box might not determine the direction of transcription [20, 21] . Consequently, the importance of the TATA box orientation in the determination of the TBP/TATA polarity and the direction of transcription is still ambiguous [20] [21] [22] . the inverted TATA sequence is changed to a canonical TATAAA, the TBP-and vitamin D3 receptor-binding properties together with the BSP promoter activity are retained. In addition, we found that the TBP is required to reconstitute in vitro transcription driven by the BSP promoter. These studies, which have revealed a naturally occurring inverted TATA box that can bind TBP and direct downstream transcription, demonstrate that the orientation of the TATA box does not determine the direction of transcription in higher eukaryotic genes. Consequently, the inverted TATA box that is conserved in the human, rat and mouse BSP gene promoters will provide an excellent in vivo model to investigate the polarity of the transcription factor IID-DNA complex and its relation to downstream transcription.
Bone sialoprotein (BSP) has been characterized as a major non-collagenous protein, mainly found in the extracellular matrices of bone, cementum and dentine, the expression of which is developmentally regulated ( [23, 24] and references therein). In addition to its specific expression by fully differentiated osteoblasts at sites of de novo bone formation, BSP is able to nucleate hydroxyapatite crystal formation from steady-state physiological concentrations of Ca2+ and Pi [25] . Therefore BSP is believed to function in the initial formation of the mineralized bone tissue [24] . To study the transcriptional regulation of BSP gene expression, we have recently cloned the rat BSP gene promoter [26] . Intriguingly, a perfect inverted TATA sequence (5'-TTTATA-3') is located at -24 to -19 bp upstream of the transcription initiation site in the rat BSP gene promoter. Subsequent studies in our laboratories [27] , as well as others [28] Figure 2 ).
Chloramphenicol acetyltransferase (CAT) plasmid construction and CAT assays Transient transfections and CAT assays were conducted as described previously [26] . The The region protected by human TBP in the DNase footprinting experiments, whereby human TBP is shown to protect an approx. 20 bp region encompassing the inverted TATA box (see Figure  2 ). The putative VDRE overlapping the inverted TATA box is shadowed. Figure 4 Effect of point mutations on the transcriptional activity of the rat BSP promoter
The bar values represent means + S.E.M. from ten independent transfection experiments, each performed with replicates as measured by CAT assays and normalized to fl-galactosidase activity. pCAT-Control (pCATC), which has both the promoter and enhancer of SV40, was used as a positive control, whereas pCAT-Basic (pCATB), which lacks promoter and enhancer, was used as negative control. The relative levels of CAT expression compared with pCAT3 and the wild-type promoter sequence for each construct are illustrated on the right. p3AT-CAT represents a mutated promoter in which 5'-MATA-3' was changed to 5'-TCTCTA-3', and p3NT-CAT represents a mutated promoter in which the 5'-TMTATA-3' sequence is inverted relative to the canonical 5'-TATAAA-3' sequence.
with TBP with lower affinity, the binding affinity between TBP and the inverted TATA box (Kd 2 x 10-9 M) was comparable with that observed with the consensus TATA box (Kd approx. 2 x 10-9 M) [14] . Figure 1 ) [26] . To determine the importance of the inverted TATA sequence in downstream transcription, the chimaeric constructs with the mutated TATA element described above were transiently transfected into the osteoblastic cell line ROS17/2.8 and promoter activity was measured by CAT assays.
In accordance with the TBP-DNA-binding data, mutating 5'-TTTATA-3' to 5'-TCTCTA-3' resulted in a marked reduction (by 60-70 %) of promoter activity (Figure 4 ). However, converting the inverted TATA sequence into a canonical TATA box reduced promoter activity only slightly (Figure 4) . (Figures  5a and 5b) . As in the CAT assays (Figure 4 ), pCAT3 and p3NT-CAT showed similar transcription activity in this system whereas no transcription activity was observed with the p3AT-CAT the TBP by heating the HeLa-cell nuclear extract at 45°C for 15 min [34] and showed that the nuclear extract containing heatinactivated TBP was not able to initiate transcription when incubated with wild-type rat BSP promoter-CAT construct (pCAT3) (Figure 6 ). However, we subsequently showed that in vitro transcription could be rescued by adding recombinant human TBP to the heat-treated nuclear extract ( Figure 6 ).
DISCUSSION
Although several variants of the classical TATA sequence have been observed, most of the sequences are asymmetrical [7, 14, 15] , implying that the orientation of the TATA box may be important for directing downstream transcription, as discussed in a number of recent reviews [1, [15] [16] [17] 22, 38] . The nucleotide sequence in the TATA box of the BSP gene is inverted relative to the consensus TATA box, yet it is still functional and crucial in driving downstream transcription of the BSP gene. By characterizing the naturally occurring inverted TATA box in the BSP gene, we provide conclusive evidence that the direction of transcription is not dependent on the orientation of the TATA box in eukaryotic genes.
An apparently inverted TATA-box sequence (5'-TTTGTA-3') has been previously reported in the adenovirus IVa2 promoter [39, 40] . However, in the IVa2 gene, the TATA box is located 15 nucleotides downstream of the transcription start site. Although synthetic promoters with both canonical and inverted TATA sequences have been shown to drive transcription from similar initiation sites and in the same direction when used in an in vitro transcription system, transcription activities from the artificially inverted TATA sequence are greatly reduced [20, 41] . In the BSP gene promoter, transcription activities were comparable between the wild-type inverted TATA sequences and the mutated canonical TATA box both in vitro and in vivo. As in all other RNA polymerase II-transcribed genes, either with or without a TATA box, the activity of the BSP promoter containing a perfect inverted TATA box required the participation of TBP. Thus it is apparent that TATA boxes, like enhancers and silencers, are operational in either orientation.
The concept that the orientation of the TATA box directs the polarity of transcription was based on the observation that most TATA boxes discovered so far are asymmetric in nucleotide sequences [1,1 5-17,22,38] . In addition, inversion of a TATA box artificially results in loss of downstream transcription activity [18, 19] . The elucidation of the tertiary structure of TBP from the plant Arabidopsis thaliana [42] has revealed that TBP resembles a molecular saddle which could sit astride the duplex DNA, protecting approx. 10 bp of DNA sequence. Although the two functional domains of TBP are topologically symmetrical, the amino acids forming the surfaces that interact with the DNA are different [42] , as predicted by previous mutagenesis studies of TBP [1 5,43,44] . Consequently, it is likely that TBP interacts with the TATA element in a directional manner [15, 16, 42] . More recently, the three-dimensional structure of plant and yeast TBPs complexed with the typical TATA boxes were determined by X-ray crystallography [38, 45] . In both cases, the TBPs interacted with the TATA boxes with the same polarity, and the TBPs bound to the minor groove of DNA as predicted by earlier studies [36, 37] . On the basis of these data, Kim et al. [38] and Klug [22] hypothesized that 'the preferred orientation of TBP/TATA binding may be derived from asymmetry in the deformability of the TATA element'. However, the possibility that the same polarity of TBP/TATA binding in both cases of co-crystallization might be achieved as the result of a random process still cannot be excluded. Our present study indicates that the questions of TBP/TATA binding polarity and the transcription directionality are more complicated than previously thought. It is of interest to note that the initiator element has also been suggested to be a determinant for the direction of transcription [20] . However, a consensus sequence for this element is not found in either the rat or the human BSP promoter.
The three-dimensional structure of the TBP from A. thaliana complexed with a 14 bp oligonucleotide bearing the AdMLP TATA box has recently been refined at 0.19 nm (1.9 A) resolution by Kim and Burley [46] . Model building based on their newly refined co-crystal structures predicted that substitution of a G-C base pair at position 2 reduces TATA box efficiency to 1 % whereas a T-A substitution at this position would be tolerated. [47] . Secondly, TBP could bind to the 5'-TATAAA-3' sequence on the lower strand of the inverted TATA box. In this model the positioning of the RNA polymerase H1 for downstream transcription might be determined by the auxiliary factors such as the TAFs (Figure 7b ), in which case protein-DNA interactions other than those involved with TBP binding would be expected. In this regard there is evidence indicating that the direction of transcription might depend on the relative positions of the TATA box and other upstream elements such as the CCAAT box [21] . Notably, an inverted CCAAT box that is required for basal promoter activity is retained within the highly conserved immediate promoter region of the rat and human BSP [26,271. The functional significance of an inverted TATA box in the BSP gene promoter still remains to be investigated. Recently, we have identified a VDRE that overlaps this inverted TATA box and mediates the repression effect of 1,25-dihydroxyvitamin D3 on the rat BSP gene [48] . As demonstrated by gel mobility-shift analysis, both endogenous and recombinant VDRs bind to this putative rat BSP VDRE in a concentration-dependent manner with a strong preference for dimer formation (R. H. Kim 
